Measurements have been performed of the excited-state lifetimes and fluorescence yields of papain tryptophan units when acyl derivatives of Phe-glycinal are bound at the active site of the enzyme. The enhancement of tryptophan fluorescence in complexes of papain with the acetyl or benzyloxycarbonyl derivatives is not stereospecific with respect to the configuration of the phenylalanyl residue, and the L and D isomers are equally effective as active-site-directed inhibitors of papain action. Evidence is offered in favor of the conclusion that this enhancement is primarily a consequence of the interaction of the phenylalanyl side chain of the inhibitor with to the fluorescent probe group. Although the L and D isomers of mansyl-Phe-glycinal are equally effective as inhibitors of papain action, the fluorescence quenching by the two isomers is different.
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The intrinsic tryptophan fluorescence of papain is greatly enhanced upon the binding at the active site of strongly inhibitory derivatives of Phe-glycinal (1), including Ac-Phe-glycinal (2) and related compounds in which the acetyl group is replaced by a benzyloxycarbonyl group, by Z-Gly, or by Z-Gly-Gly. Selective oxidation of a single tryptophan residue in papain by means of N-bromosuccinimide (product termed NBS-papain) (3, 4) largely abolishes this fluorescence enhancement (2) , although the oxidized papain retains its catalytic activity toward small synthetic substrates such as Ac-L-Phe-Gly-NA (NA, pnitroaniline). Replacement of the benzyloxycarbonyl group in the above derivatives of Phe-glycinal by a mansyl group [Mns; 6-(N-methylanilino)-2-naphthalene sulfonyl] does not affect their strongly inhibitory character, but the interaction of compounds of the type Mns-(Gly)n-Phe-glycinal (in which n = 0, 1, 2) has different effects on the fluorescence of the mansyl group (5) . Whereas the fluorescence intensity of Mns-L-Pheglycinal is greatly enhanced, indicating a marked change in the environment of the probe group upon binding of the Phe-glycinal unit at the active site of papain, that of Mns-Gly-L-Pheglycinal or Mns-Gly-Gly-L-Phe-glycinal is not increased to a significant degree. Measurements of the fluorescence polarization and the rotational relaxation time of the mansyl group in the enzyme-inhibitor complexes were consistent with the conclusion that the fluorescent probe group of the two longer compounds protrudes into the solvent to a greater extent than in the case of Mns-L-Phe-glycinal (5) .
Of special interest was the finding (5) that the intrinsic tryptophan fluorescence of papain was markedly quenched by all three compounds of the type Mns-(Gly)n-L-Phe-glycinal (as compared with the fluorescence intensity in the presence of Ac-Phe-glycinal), although the quenching appeared to be greatest with Mns-L-Phe-glycinal. These results, taken together with those obtained previously, suggested that there is significant energy transfer from donor tryptophan in the enzyme to the mansyl group of the inhibitors. In the present communication, we report on the effect of the binding of the Mns-(Gly)n-Phe-glycinal inhibitors at the active site of the enzyme on the excited state lifetime and intensity of papain tryptophan fluorescence. In particular, advantage is taken of the absence of energy transfer among identical aromatic molecules ("homotransfer") when they are excited at the long-wavelength edge of the absorption spectrum (6) , and of the selective oxidation of papain by N-bromosuccinimide, to study the energy transfer between the tryptophans of papain and the mansyl group of Mns-(Gly)n-Phe-glycinal bound at the active site of the enzyme.
MATERIALS AND. METHODS
The papain preparations were obtained in the manner described previously and assayed spectrophotometrically with Ac-L-Phe-Gly-NA as the substrate at pH 6.5 and 25°C (1) . The kinetic constants were: for papain, kcat/Km = 3.0 d 0.5 sec-1 mM-,; for NBS-papain, kat/Km = 3.5 + 0.5 sec-1 mM-1. The tryptophan content of the NBS-papain preparation was 4.1 residues per molecule, as determined by the method of Lowe and Whitworth (3) . Ac-D-Phe-Gly-NA was made in the manner described for the L isomer (1) 11.6 A, but the orientation of the two residues is also less favorable for energy transfer (0.23%).
Lowe and Whitworth (3) reported that, upon treatment of papain with N-bromosuccinimide, Trp-69 is selectively oxidized, with no significant loss in the catalytic activity (kcat/Km).
This assignment has been questioned by Glick and Brubacher (4), whose data led them to prefer Trp-177 as the one selectively oxidized by N-bromosuccinimide. They also reported that under conditions leading to the oxidation of one tryptophan residue per papain molecule, 3 of the 20 tyrosine residues are also modified, and confirmed earlier work (14) showing that such a change in the tyrosine content of papain does not affect its catalytic activity toward synthetic substrates.
The energy transfer experiments reported in this communication tend to favor the conclusion of Lowe and Whitworth (3). As can be seen in Table 1 , measurements of the excited-state lifetime and relative fluorescence yield of NBS-papain, in the presence of either Ac-Phe-glycinal or Z-Phe-glycinal, have shown that the tryptophan fluorescence of NBS-papain is increased to a much lesser degree by these inhibitory aldehydes, as compared with their effect on the fluorescence of intact papain. This finding is in agreement with the earlier conclusion (1) that Trp-69 had been selectively oxidized. The fact that a slight increase in fluorescence yield is observed with NBSpapain having an apparent tryptophan content of four residues per molecule may be taken to indicate that Trp-69 had not been completely oxidized in the samples of NBS-papain used in this work, and that Trp-177 may have been affected to a small extent. It may be added that NBS-papain is inhibited by Ac-DL-Phe-glycinal in its action on Ac-L-Phe-Gly-NA with the same Ki value (0.01 MM) as is untreated papain.
On the assumption that the tryptophan residue missing in NBS-papain is Trp-69, the data in Table 1 can be used to estimate the rate constant for homotransfer of energy between Trp-69 and the four other tryptophans, taken as a single averageable entity. Because the crystallographic data for papain indicate that the most efficient energy transfer between and the other tryptophan residues is likely to be via Trp-26, this homotransfer rate (k.) can be used to estimate the distance between Trp-69 and Trp-26. Calculation of kx involves the following three steps: (i) the collected average lifetime of the four tryptophans in NBS-papain is used together with the observed lifetime of intact papain at 305 nm [in which homotransfer among the residues is blocked because of the "rededge" effect (6)], by means of multiple lifetime deconvolution methods (15) , to calculate the inherent lifetime of  (ii) the lifetime of the ensemble excited at 290 nm, in which the existence of the homotransfer rate kx for the exchange of energy between Trp-69 and the four other residues splits the observed lifetime, is then measured, and the resulting data are used to calculate a unique value of k.; (iii) with the assumption that this transfer rate represents a F6rster-type dipole-dipole exchange process between Trp-69 and Trp-26, a corresponding distance may be calculated by using the orientation parameters obtained from the crystallographic coordinates. Application of this analytical procedure to the data for the complex of papain with Ac-DL-Phe-glycinal gave l= Tb = 4.4 nsec for NBS-papain emission, k-1 = Ta = 6.5 nsec for the lifetime of In earlier work (16) , it was suggested that the fluorescence of papain is dominated by a tryptophan residue (Trp-26 or Trp-177) with relatively high quantum yield and excited-state lifetime. It was later shown that the treatment of papain by means of 2-chloromethyl-4-nitrophenyl-N-benzyloxycarbonylglycinate leads to the selective modification of a single tryptophan residue (17) , subsequently found to be Trp-177 (18) , and that the loss of this residue causes a 38% decrease in the fluorescence of papain. It will be of interest to examine the applicability of the above analysis, based on the absence of homotransfer upon excitation at the long-wavelength edge of tryptophan absorption, to the fluorescence of papain that has been modified in this manner.
It is noteworthy that, upon excitation at 305 nm, the tryptophan fluorescence of the complex of NBS-papain with Mns-L-Phe-glycinal is the same as the fluorescence of the complex containing intact papain, indicating that the tryptophan residue that is selectively oxidized does not participate significantly in direct energy transfer to the mansyl group. This conclusion is supported by the finding ( Table 2) that the enhancement of the mansyl fluorescence (excitation at 325 nm)
of Mns-L-Phe-glycinal is the same with intact papain and NBS-papain. In view of the data presented above, favoring the conclusion of Lowe and Whitworth (3) that Trp-69 is the active site residue preferentially modified by N-bromosuccinimide, it would appear that although the enhancement of papain fluorescence upon binding a Phe-glycinal unit is mediated through its interaction with Trp-69, this residue is unfavorably situated with respect to the mansyl group of Mns-L-Phe-glycinal, so far as direct energy transfer is concerned. Because crystallographic data place Trp-26 in a region of the active site favorable for such direct interaction, it may be assumed, as a Table 1 that although the enhancement of the tryptophan fluorescence of papain by Z-Phe-glycinal is not stereospecific with respect to the configuration of the phenylalanyl residue, the two isomers of Mns-Phe-glycinal differ in the extent to which they quench this enhanced fluorescence. This finding is in accord with the expectation that the orientation of the mansyl group in complexes of papain with Mns-L-Phe-glycinal or Mns-D-Phe-glycinal should be different, and the data suggest that the fluorescent probe group is less favorably situated for energy transfer in the case of the complex with the D isomer. The fluorescence of the mansyl group in the two complexes is not sufficiently different, however, to indicate a marked difference in the polarity of its environment. It is noteworthy that the enhancement of the mansyl fluorescence for either isomer of Mns-Phe-glycinal is the same for intact papain and NBS-papain, indicating that the conformation of the region of the complex in'which the mansyl group is located has not been altered markedly by oxidation with N-bromosuccinimide.
As reported previously (5), the fluorescence of the mansyl group of Mns-Gly-Gly-L-Phe-glycinal is not enhanced to a significant extent upon excitation at 325 nm when this inhibitor is bound at the active site of papain, and it was concluded that this group protrudes into the solvent to a greater extent than in the case of the complex with Mns-L-Phe-glycinal. This finding is confirmed in the data presented in Table 2 . It should be noted, however, that the efficiency of energy transfer from papain tryptophan to the mansyl group of bound Mns-Gly-Gly-Pheglycinal, upon excitation at 290 nm or 305 nm, is similar to that found in the case of bound Mns-Phe-glycinal. As in the case of Mns-D-Phe-glycinal, the mansyl fluorescence of bound MnsGly-Gly-Phe-glycinal is nearly the same for intact papain and NBS-papain, indicating that Trp-69 does not participate to a significant extent in direct energy transfer to the mansyl group of the longer inhibitor. On the assumption that the principal direct interaction is through Trj-26, the mean distance between the mansyl group of Mns-Gly-Gly-L-Phe-glycinal and Trp-26 may be estimated to be about 15 A.
